Recently, LiNO 3 -based electrolytes using tetraglyme (G4) solvent (LiNO 3 /G4) have attracted increasing attention for non-aqueous rechargeable Li-air (O 2 ) batteries (LAB) because of the bifunctional effect of NO 3 − anion as both redox mediator (RM) at air electrode and additive to form Li 2 O layer on the surface of Li metal negative electrode (NE), which suppresses Li dendrite growth and electrolyte decomposition. However, the dissociation degree of LiNO 3 salt was quite low, which causes to low ionic conductivity and the above effects of NO 3 − would not work effectively in the electrolyte. In this study, we tried to apply dual solvent system to the LiNO 3 /G4 electrolyte. Namely, acetonitrile and dimethyl sulfoxide (DMSO) with relatively high dielectric constant and low viscosity were mixed with G4 solvent to increase the number per volume and mobility of Li + and NO 3 − as carrier ions for reduction of the large overpotential during charge process and enhancement of the power density. The DMSO mixed electrolyte greatly reduced the large charge overpotential and relative stable operation for the LAB (Li | O 2 ) cells. Furthermore, the Li 2 O passivation layer formed by NO 3 − anion effectively suppressed the electrolyte decomposition at Li metal NE. These effects were enhanced especially at higher rate of discharge/charge operation. LiNO 3 /G4 electrolyte. Namely, acetonitrile (AN) and dimethyl sulfoxide (DMSO) with relatively high dielectric constant ε (37 and 47, respectively) and low viscosity η (0.37 and 2.0 mPa s, respectively) were mixed into 1.0 M LiNO 3 /G4 electrolyte to prepare 1.0 M LiNO 3 /G4 + X (X = AN, DMSO) electrolytes.
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In recent years, non-aqueous Li-air (O 2 ) batteries (LABs) have attracted much attention as a power source for electric vehicles and large-scale stationary energy storages because of the higher theoretical energy density (3505 Wh kg −1 ) than that of the conventional Li-ion batteries (LIBs) (387 Wh kg −1 ). 1 The LAB system was firstly reported by Abraham and co-workers, 2 where polyacrylonitrile (PAN)-based gel polymer electrolyte containing LiPF 6 salt dissolved in ethylene carbonate (EC) and propylene carbonate (PC) mixed solution was used. Thus carbonate-type electrolytes using EC, PC and dimethyl carbonate (DEC) solvents have been used and subjected lots of studies for LAB research because of the low viscosity, high dielectric constant, good compatibility with Li metal negative electrode (NE) and high oxidation stability over 4.5 V vs Li/Li + , etc. However, carbonate-type solvents were found to be readily decomposed by the superoxide radical (O 2 −• ) generated at air electrode during discharge. 3, 4 Recently, liner chain-type ether, i.e. tetraglyme (G4), was commonly used as solvent for non-aqueous LABs because of the high oxygen solubility, low vaper pressure, and relatively low dielectric constant, which lead to lower reactivity toward O 2 −• compared with carbonate solvent. 5 Therefore, Li 2 O 2 deposition was successfully confirmed for the LABs using G4-based electrolytes after discharging. However, G4-based electrolytes have basically lower ionic conductivities than the carbonate-based electrolytes because of the low dielectric constant ε (7.7) and high viscosity η (3.3 mPa s), which lowering the mobility and number per volume of carrier ions.
On the other hand, one of the big problems is large overpotential during charge process, which lowers the energy efficiency of LABs. Therefore, lots of electrocatalysts have been synthesized and evaluated for the LAB system, e.g. noble metal nanoparticles (Pt, Au) [6] [7] [8] [9] [10] [11] [12] and metal oxides (Co 3 O 4 , RuO 2 , IrO 2 ) [13] [14] [15] [16] [17] [18] [19] loaded on nanocarbon materials (Ketjen Black, carbon nano-tube, graphene, etc.). Furthermore, as more reasonable candidates, perovskite nanoparticle-based [20] [21] [22] [23] and Mn oxide-based [24] [25] [26] [27] [28] catalysts have been intensively researched and tested for the air electrode catalysts for LABs. However, in LAB system, thus solid-type catalysts are basically covered with Li 2 O 2 deposition during discharge process. Therefore, more recently many researchers have studied on redox mediators (RMs) to oxidatively decompose the Li 2 O 2 from the electrolyte side. [29] [30] [31] [32] [33] Both inorganic (LiI, 29, 30 LiBr 31 ) and organic (tetrathiafulvalene (TTF), 32 2,2,6,6-tetramethyl-1-piperidinyloxyl) (TEMPO), 33 N-methylphenothiazine (MPT), 34 Therefore, LiNO 3 /G4 electrolyte effectively reduced the large overpotential and suppressed the shuttle effect of itself together with suppression of Li dendrite growth and electrolyte decomposition. However, LiNO 3 salt has quite low dissociation degree, causing to low ionic conductivity for the G4-based electrolyte compared with the other Li salts such as LiN(SO 2 CF 3 ) 2 (LiTFSI) and LiN(SO 2 F 3 ) 2 (LiFSI). Also, the bifunctional effect of NO 3 − would not work effectively in the G4-based electrolyte.
In this study, to promote the LiNO 3 salt dissociation, improve the diffusivity of the carrier ions (Li + , NO 3 − ) and enhance the bifunctional effect, we applied dual solvent system to the The electrolyte properties, i.e. viscosity η, ionic conductivity σ and self-diffusion coefficients D of ions and solvents were measured to investigate the change in the motilities μ and number per volume n of carrier ions. Moreover, the dissociation state was evaluated by using Walden plots and Raman spectra to see the enhancement of n of carrier ions. The electrochemical stability and efficiency of Li dissolution/deposition at Li metal NE and reduction of the large overpotential at air electrode during charge process were investigated by using Li | Cu foil and LAB (Li | O 2 ) cells, respectively. In addition, as reference Li salt, lithium trifluoromethanesulfonate (LiOTf) was also used to prepare 1.0 M LiOTf/G4 + X (X = AN, DMSO) electrolytes, and evaluated the promotion effect for the LiNO 3 salt dissociation on the ionic conductivity, Li deposition/ decomposition and LAB cell performance.
Experimental
Preparation of electrolyte solutions.-To prepare basic glymebased electrolytes for LABs, LiNO 3 (99.99%, Aldrich) or LiOTf (99.0%, Kishida) were used as supporting salts after drying in vacuum oven at 110°C for at least 48 h in a dry room (H 2 O content < 1 ppm), dissolved in G4 (> 98%, Japan Advanced Chemicals, H 2 O content: < 30 ppm) as a solvent overnight in an Ar-filled dry box (GBJF100E805, Glovebox Japan Inc., dew point: < − 90°C), and aged for a few days. For the dual solvent systems, acetonitrile (AN, 99.5%, Kishida) or dimethyl sulfoxide (DMSO, 99%, Kishida) as a second solvent was firstly mixed with G4 in the volume ratio of 9:1, 7:3, and 5:5. The mixed solvents were used to prepare 1.0 M LiNO 3 /G4 + AN (9:1, 7:3, 5:5) and 1.0 M LiNO 3 /G4 + DMSO (7:3, 5:5) as well as the above method, where only 1.0 M LiNO 3 /G4 + DMSO (9:1) could not be obtained because of the phase separation. H 2 O contents detected by Karl Fischer moisture meter (CA-31, Mitsubishi Chemical Corp.) were ca. 50 ppm and 120 ppm for for LiOTf-and LiNO 3 -based electrolytes, respectively.
Evaluation of the electrolyte properties.-Viscosity η and density ρ of the obtained electrolytes were measured by a falling ball-type viscometer (Lovis2000ME, Anton Paar) in the temperature range of 30 to 60°C by every 10°C.
Measurement of σ was carried out using a conductivity meter (S230 SevenCompact, Mettler Toledo) in the temperature range of 30 to 60°C by every 10°C.
The D values of the Li + ( 7 Li), anion ( 19 F), and G4 ( 1 H) solvent in the electrolytes were measured by a PGSE-NMR method using a JEOL tunable pulsed-field gradient (PFG) probe ( 1 H resonance: 400 MHz) at 30°C. [37] [38] [39] [40] [41] Each sample was prepared in an NMR microtube (BMS-005J, Shigemi, Tokyo) to a height less than 5 mm to prevent convection effects. The PFG was calibrated using H 2 O ( 1 H resonance). Measurements were performed by setting the same PFG strength for each nuclear species with different irradiation times δ. The accuracy of D values was confirmed by obtaining the same values at different δ.
The dissociation degree of Li salts in the electrolytes were evaluated by a laser Raman spectrometer (Raman Touch-Vis-NIR, Nanophoton). A laser wavelength of 532 nm and a diffraction grating of 1200 gr/mm were used. Wavenumber resolution was set to 2 cm −1 . To prevent the electrolytes from enclosure the measurement was conducted in a dry room (dew point: −90°C) using a sealing cell at 25°C.
Electrochemical evaluation of Li | Cu and LAB (Li | O 2 ) cells.-To investigate the Li dissolution/deposition reaction in the dual solvent electrolytes, the Li | Cu cell was constructed with Li metal foils (thickness: 0.5 mm, Honjo Metal Co., Ltd.), Cu foil (thickness: 18 μm, Hohsen Corp.) with 4 holes (ϕ = ca. 2 mm), a separator (Celgard ® 2400) and the G4-based dual solvent electrolytes in an argon-filled glove box (Miwa, MDB-1BK-NT1). The Li | Cu cells were fabricated using the Swagelok-type LAB cell with an inlet for O 2 gas. The polarization curves and the changes upon the cycling were evaluated by using a VSP potentiostat (BioLogic Science Instruments). The applied current density and maximum discharge/ charge capacity were 0.20 mA cm −2 and 0.50 mAh cm −2 , respectively, in the cut off voltage range of −1.0 to 1.0 V.
For the fabrication of the LAB (Li | O 2 ) cells, Ketjen Black (KB, EC600JD, Lion Corp. Ltd.)-loaded carbon paper (TGP-H-060, Toray) was used as an air electrode, i.e., the positive electrode (PE). The loading weight of KB was ca. 1 mg cm −2 . The same separator and Li metal NE used in the Li | Cu cell were used in this cell. Also, the same applied current density (0.20 mA cm −2 ) and maximum discharge/charge capacity (0.50 mAh cm −2 ) were applied to the LAB cells in the cut off voltage range of 2.0 to 4.5 V. For the rate capability test, 0.50 mA cm −2 was applied to the LAB cell.
The amount of electrolyte solution used was 60 μL and the geometric surface area of whole electrodes, i.e. Li, Cu and air electrodes for the Li | Cu and LAB cells were ca. 2.0 cm 2 (diameter of the electrodes: ϕ 16 mm). All the electrochemical tests subjected to 15 discharge/charge cycles at 30°C.
Results and Discussion
Effect of dual solvent systems on the electrolyte properties.- Figure 2a shows the η values for 1.0 M LiNO 3 /G4 + X and 1.0 M LiOTf/G4 + X (X = AN, DMSO) electrolytes. The both η values decreased with an increase in the amount of mixed solvents especially for AN because of the one tenth lower η (0.37 mPas) than that of G4 (3.3 mPas). As a result, the σ value was drastically improved for both dual solvent systems ( Fig. 2b) , implying an improvement of mobility for carrier ions. For the DMSO mixing, the η value was not so decreased. However, the σ value effectively increased as well as those for the AN mixing. This indicates that the relative high ε (47) of DMSO enhanced to dissociate the Li salts, i.e. an increase in the number of carrier ions per volume, and improved the σ values.
σ was defined by Eq. 1,
where q, μ, and n are the charge, mobility and number of carrier ions per specific volume, respectively; the suffix j corresponds to Li + or anions. Here, to consider μ of each carrier ion, we separately measured D of Li + , anions, and G4 solvent by a PGSE-NMR. Selfdiffusion coefficients D for the G4-based electrolytes containing 1.0 M LiOTf and LiNO 3 are shown in Fig. 3 . In the case of both Li salts, the D values increased with an increase in the mixing contents of AN or DMSO. Especially, the AN mixing quite improved the D values. Namely, the improvement of σ for AN mixing was attributed to the enhancement of mobility for the carrier ions in the electrolyte. On the other hand, DMSO mixing exhibited relatively small enhancement for the D values due to smaller effect for lowering η. This suggests that the improvement of mobility for the carrier ions was not so dominant for σ, but Li salt dissociation was more effectively promoted to increase the number of carrier ions. Figure 4 shows the sum of D Li+ and D anion vs σ plots for 1.0 M LiOTf/G4 + X (X = AN, DMSO) electrolytes at 30°C. In the case of AN mixing the sum of D Li+ and D anion was clearly contributed to increase the σ value. In contrast, the σ value for the DMSO mixing was not so related to the sum of D Li+ and D anion , but greatly improved by DMSO mixing. This suggests that DMSO mixing with a higher dielectric constant (ε = 47) effectively enhanced the Li salt dissociation than AN (ε = 37).
To confirm the dissociation degree of Li salts, apparent dissociation degree α app values were calculated by using the Nernst-Einstein equation as follows 37-39 : 
where N is the number of isolated ions per specific volume, i.e. the Avogadro constant for the PGSE-NMR method, [38] [39] [40] e is elementary charge, k is Boltzman's constant, T is temperature (K), Λ imp is molar ionic conductivity calculated from σ and ρ values for the electrolytes by AC impedance method, respectively. Figure 5 shows the α app values for the 1.0 M LiOTf/G4 + X (X = DMSO, AN) electrolytes at 30°C. The α app was quite enhanced especially for DMSO mixing, indicating the effect of promotion to dissociate the Li salt in the electrolytes. In addition, from the σ and η data, we also considered the Li salt dissociation by the Walden plots for both 1.0 M LiNO 3 /G4 + X (X = DMSO, AN) and LiOTf/G4 + X (X = DMSO, AN) electrolytes, which shows in Fig. 6 . The Walden plots deviated downward from the ideal line. This means that the dissociation degree of Li salts was relatively low in the G4-based electrolytes. However, the plots became to be close to the ideal line by mixing DMSO or AN as second solvent. The effect was remarkably confirmed for DMSO mixing in both Li salt electrolytes. This is in good agreement with the trend of the above α app for 1.0 M LiOTf/G4 electrolyte. Therefore, in the case of LiNO 3 salt electrolyte the dissociation degree was also successfully promoted by the high dielectric constant ε of DMSO solvent.
Solvate structure in the dual solvent electrolytes. -Figures 7a  and 7b shows Raman spectra for 1.0 M LiNO 3 /G4 + X (X = DMSO, AN) electrolytes, respectively. The peaks from 800 to 850 cm −1 are corresponding to CH 2 rocking and C-O stretching vibration modes, 42 which confirmed from the data for only G4 solvent. In the case of G4-based electrolytes containing LiNO 3 salt, one more peak at around 870 cm −1 was appeared, which derived from [Li(G4)] + complex, i.e. solvate structure between Li + and G4. 43 For the AN mixing, the peak intensity slightly decreased with an increase in the AN content. On the contrary, the intensity decrease was more significant for the DMSO mixing. Even for 1.0 M LiNO 3 /G4 + DMSO (7:3) electrolyte, the peak was almost disappeared. This means that the DMSO with higher ε effectively solvated to Li + to enhance the Li salt dissociation degree. The behavior was also confirmed for 1.0 M LiOTf/G4 + X (X = AN, DMSO) electrolytes (SI. 1).
In fact, C-S-C symmetric and unsymmetric peaks at 667 and 697 cm −1 for DMSO solvent were shifted to 676 and 708 cm −1 by solvation with Li + in the electrolytes (Fig. 8a) . 44 (697) and I solv (708) are the peak area for the peaks at 697 and 708 cm −1 . The calculated N were summarized in Fig. 8b . As a result, about three DMSO molecules were solvated to one Li + cation for 1.0 M LiNO 3 /G4 + DMSO (7:3, 5:5) electrolytes. Figures 9a and 9b show the schematic illustrations for 1.0 M LiNO 3 /G4 + X (X = AN, DMSO) electrolytes, respectively. In the case of DMSO mixing, Li + was preferentially solvated by DMSO molecules compared with G4 ones and the anion was separated more far from Li + . On the contrary, for only G4 and AN-mixed electrolytes, G4 molecule basically forms [Li(G4)] + complex and the anion still contacted with the Li + . Therefore, the DMSO effectively promoted to enhance the dissociation degree of LiNO 3 . At the same time, the relatively low viscosity of DMSO also improved the mobility μ of carrier ions in the electrolyte. As a result, the σ value for 1.0 M LiNO 3 /G4 + DMSO (7.:3, 5:5) electrolytes exhibited a high ionic conductivity even though achieving a high Li salt dissociation degree. This is also expected to enhance the bifunctional effect of LiNO 3 using LiOTf, LiTFSI and LiFSI in our previous study. 45 In fact, in the case of LiOTf electrolyte, the effect of O 2 atmosphere was also observed, but the electrolyte decomposition was still large and especially dissolution current was not stable (SI. 3). As for the AN and DMSO-mixed electrolyte, the dissolution curve became shorter than that for pure G4-based electrolyte because of their instability against Li metal NE. However, the electrolyte decomposition was effectively suppressed by the combination of 1.0 M LiNO 3 /G4 electrolyte and O 2 atmosphere especially for the DMSO-mixed one as compared especially between Figs. 10b and 10f. For the 1.0 M LiNO 3 /G4 + DMSO (7:3) electrolyte under O 2 atmosphere, the retention of deposition/dissolution reaction was improved up to >80%. This is a similar effect to the report using Li | Li symmetric cell by Giordani et al. 46 They also demonstrated that LiNO 3 stabilized the surface of Li metal NE and enabled N, N-dimethylacetamide (DMA) solvent, which is relatively easy to react with Li metal NE and decomposed although is stable toward the air electrode reactions, to use for LABs.
To see the enhancement of RM effect for LiNO 3 /G4-based electrolyte by AN and DMSO mixing, the discharge/charge curves of LAB (Li | O 2 ) cells using the electrolytes were compared with that in the case of the pure G4-based one (Fig. 11 ). As the result, the overpotential was found to be effectively reduced by the dual solvent systems especially for DMSO, where the plateau by the oxidation current of NO 2 − to generate NO 2 as RM at air electrode was clearly confirmed at 3.5 V during the charge process. This indicates that a larger amount of NO 2 − was generated from dissociated NO 3 − anion from LiNO 3 salt, and efficiently supplied to the air electrode than the other electrolytes together with Li + ion. As a result, the retention of discharge/charge reaction was also improved for the mixing solvent systems. In fact, larger amounts of Li 2 O 2 deposition and clearer decomposition were confirmed for the air electrodes of LAB (Li | O 2 ) cells using both 1.0 M LiNO 3 /G4 + X (X = AN and DMSO) electrolytes during discharge/charge cycles by a scanning electron microscope (SEM) observation and energy dispersive X-ray spectrometry (EDS) mapping (Figs. S4 and S5 are available online at stacks.iop.org/JES/167/020542/mmedia). Especially, the DMSO mixing electrolyte exhibited a larger enhancement for the behavior. Figure 12 shows the 1st discharge/charge curves for LAB cell using 1.0 M LiNO 3 /G4 + X (5:5, X = AN, DMSO) electrolytes at 30°C. The RM effect by mixing solvents was more enhanced by increasing the contents up to the G4:X ratio of 5:5 for the both solvents (Fig. 12a) . The plateau derived from the RM oxidation current at 3.5 V was more clearly appeared especially for the DMSO mixing. In addition, the overpotential during discharge process was also reduced compared with those for the pure G4 and AN mixing. Namely, the ionic conductivity enhancement owing to the high LiNO 3 salt dissociation, i.e. an increase in the amount of Li + carrier ion, became easier for Li 2 O 2 deposition at air electrode during discharge process. Therefore, the DMSO mixing was actually demonstrated to enhance the bifunctional effect of LiNO 3 /G4-based electrolyte. Furthermore, these enhancement was much more clearly confirmed at a high rate operation of 0.5 mA cm −2 (Fig. 12b ). 
Conclusions
To enhance the bifunctional effect of 1.0 M LiNO 3 /G4 electrolyte, we examined the AN and DMSO mixing as second solvents with higher dielectric constants and lower viscosities than G4 to promote the Li salt dissociation and improve the carrier ion diffusivity. As a result, DMSO mixing especially enhanced the ionic conductivity by increasing the dissociation degree of LiNO 3 salt, and promote the Li 2 O layer formation at Li metal NE to protect from electrolyte decomposition and the smooth Li 2 O 2 deposition/ decomposition reaction at air electrode as positive electrode (PE). Namely, the enhancement of LiNO 3 salt dissociation effectively improved the retention of discharge/charge reaction at the both electrodes. These phenomena were confirmed from the both aspects of electrolyte properties (viscosity, ionic conductivity, self-diffusion conductivity, Li salt dissociation, etc.) and electrochemical performances using Li | Cu and Li | O 2 (LAB) cells, which focused on Li metal NE and air electrode (PE), respectively. The performance of LiNO 3 /G4-based electrolyte found to be successfully improved by applying dual solvent systems. Especially, the enhancement of LiNO 3 salt dissociation was quite effective for achievement of good dissociation of Li salt and high ion diffusivities, whose effects became much clearer at a high rate operation.
In general, drawback of LAB system is poor retention of discharge/ charge reaction and rate capability, which are due to the reaction mechanism of Li and Li 2 O 2 deposition /decomposition at Li metal NE and air electrode as PE, respectively. To address the problem, at least the mobility μ and number n per unit volume of carrier ion, i.e. Li + , have to enhance for smooth reaction even at a high rate operation. In this study, we also demonstrated one of the way to enhance the both reactions by using dual solvent system and the effect of mixing solvent with relatively high dielectric constant and low viscosity together with the enhancement of bifunctional effect of LiNO 3 salt. Of course, the mixing solvent is just a way to improve the electrolyte properties. Mixing the other solvents and applying the other approach to promote the both electrode reactions are in progress. 
